We localized five rpoC (␤) mutations affecting Escherichia coli RNA polymerase assembly. The Ts4, XH56, and R120 mutations changed ␤ residues conserved throughout eubacteria; the JE10092 mutation occurred in the hypervariable region; rpoC1 (TsX) changed a universally conserved residue and corresponds to yeast rpb1-1. Thus, distinct, predominantly conserved ␤ residues participate in interactions holding RNA polymerase together.
when transformed with pCYB2␤Ј
WT , confirming that rpoC mutations caused temperature sensitivity of mutant strains. In contrast, RpoC110 strains obtained from two different sources failed to grow at 42°C in the presence of pCYB2␤Ј
WT . Plasmids expressing rpoC R120 , rpoC Ts4 , rpoC XH56 , rpoC JE10092 , and rpoC1 did not support growth of the 397c (rpoC397) temperature-sensitive strain (3) at 42°C; in contrast, 397c transformed with pCYB2␤Ј
WT or pCYB2␤Ј 110 grew at 42°C. Therefore, we (i) discontinued further analyses of rpoC110 and (ii) mapped the remaining mutations by swapping fragments between mutant and wild-type plasmids and assaying the ability of hybrid plasmids to support 397c growth at 42°C (Fig. 1) . In this way, the determinants of temperature sensitivity were shown to reside in the 1,010-bp SalI-BspEI rpoC fragment (R120, XH56, and JE10092), between the engineered NdeI site at position 1 and the SnaBI site at codon 292 (Ts4), and between the BspEI site at codon 1213 and the HindIII site in the vector (RpoC1). These fragments and the corresponding pCYB␤Ј WT fragments were sequenced. Sequence comparisons revealed single-nucleotide differences between the wild type and each of the mutants: Ts4 has a GGG (Gly)-to-GAG (Glu) change at codon 181, XH56 has a CGT (Arg)-to-CAT (His) change at codon 883, R120 has a GGT (Gly)-to-GAT (Asp) change at codon 900, JE10092 has a GGT (Gly)-to-GAT (Asp) change at codon 1033, and RpoC1 has a GGT (Gly)-to-GAT (Asp) change at codon 1360. We conclude that G181E, R883H, G900D, G1033D, and G1360D cause the temperature-sensitive phenotypes of Ts4, R120, XH56, JE10092, and RpoC1, respectively. Genetic contexts of these mutations are presented in Fig. 2 .
The Ts4 mutation occurred between ␤Ј conserved segments A and B. Gly 181 is the most conserved residue in the six-aminoacid motif, MGAEA, that is present only in eubacterial ␤Ј subunits. RNAP purified from Ts4 cells is not temperature sensitive, but biochemical analysis suggested that ␤Ј Ts4 is defective in association with ␣ 2 ␤ (21).
The XH56 and R120 mutations occurred close to conserved segment G, involved in transcript elongation and cleavage (14) . RNAP R120 is not temperature sensitive but fails to assemble into active RNAP after denaturation (4) . ␤Ј XH56 can be assembled into active enzyme in vitro, but RNAP XH56 activity is temperature sensitive (5) . Further biochemical analysis will be necessary to determine why the neighboring XH56 and R120 mutations result in different defects. Residues changed by the XH56 and R120 mutations are strictly conserved in eubacteria but are absent from archaeal and eukaryotic ␤Ј homologues. WT (labeled rpoC ϩ ) and pCYB␤Ј R120 (labeled R120) and the indicated hybrid plasmids were transformed into strain 397c. The transformants were streaked on Luria-Bertani-ampicillin plates, and the plates were incubated at 30 and 42°C overnight. The absence of growth of cells labeled R120 SalI-BspEI at 42°C indicates that the R120 mutation is within the 1,010-bp SalI-BspEI rpoC fragment. The JE10092 mutation is a known mutation: E. coli rpoC907 also causes G1033D replacement and affects plasmid replication (17) . Compared to the wild type, a fourfold increase in pBR322 copy number was observed in JE10092 grown at 39°C (data not shown). A similar value was reported for RpoC907 (18) , confirming that the JE10092 and rpoC907 mutations are allelic. RNAP JE10092 is assembly defective in vivo (15) and is temperature sensitive (23) . The JE10092 mutation occurred in the evolutionarily hypervariable region of ␤Ј, but in organisms where this region is present Gly 1033 is conserved. Our recent analysis shows that the hypervariable region has only limited ability to tolerate mutations and may be indirectly involved in RNAP assembly (24) .
The rpoC1 mutation was the first conditional mutation in RNAP to be isolated (11) . The mutation changes the universally conserved Gly in segment H. Another temperature-sensitive mutation affecting RNAP assembly, rpoC397, occurred upstream of rpoC1 and resulted in substitution of 52 ␤Ј amino acids distal to position 1355 with 23 unnatural residues (3). RNAP RpoC1 is extremely temperature sensitive, but normal activity of RNAP RpoC1 (and RNAP 397C ) can be restored by simple addition of purified ␤Ј WT under nondenaturing conditions (3, 16) . Thus, mutant subunits bind ␣ 2 ␤ less tightly, suggesting that segment H forms the ␣ 2 ␤ binding site.
rpoC1 corresponds exactly to the yeast rpb1-1 mutation (19). Similar to rpoC1, rpb1-1 makes yeast temperature sensitive, and all transcription ceases upon temperature upshift. Suppressors of rpb1-1 map in the conserved segment I of the ␤ homologue, RPB2 (14) . In E. coli, opr mutations suppressing the temperature-sensitive phenotype of RpoC1 were isolated (10) . Mapping of these suppressors is currently underway.
In summary, our data demonstrate that point mutations in ␤Ј dramatically interfere with RNAP assembly. Four of five mutations changed evolutionarily conserved residues of ␤Ј and may define sites of intersubunit contacts that hold the RNAP molecule together. Further in-depth analysis of mutant enzymes and site-specific mutagenesis of rpoC to generate new assembly-deficient RNAP should clarify the role of these ␤Ј regions in RNAP assembly.
